The temperature for thermal desorption of the gallium oxide from GaAs is shown to increase linearly with oxide thickness. In addition, we show by diffuse light scattering that highly polished GaAs substrates roughen during the oxide desorption. These results are interpreted in terms of a model in which the oxide evaporates inhomogeneously.
Thermal desorption of the surface oxide is normally the final cleaning step for GaAs wafers, prior to the molecular beam epitaxy (MBE) growth of semiconductor films. The surface oxide comes off in two steps: the arsenic oxide evaporates first (in the 400-500 "C range) followed at higher temperature by the gallium oxide. The gallium oxide comes off over a narrow temperature interval, typically above 580 oC.*-6 Because the gallium oxide desorption peak is relatively sharp, it is sometimes used as a reference point for substrate temperature calibration. This temperature calibration is complicated by the fact that the desorption temperature depends on how the oxide is prepared. '%4 In general, one would like to find conditions which produce an oxide which comes off at the lowest possible temperature in order to minimize the possibility of substrate damage due to arsenic loss. In order to understand the origin of the variations in the oxide desorption temperature, we have measured the temperature of the desorption of the gallium oxide for a series of oxides with different thicknesses.
The oxides for these experiments were grown in a lowpressure (200 mTorr) remote plasma discharge in flowing O2 gas. The substrate is separated from the plasma to avoid surface damage from oxygen ions. The substrates were semi-insulating GaAs ( 100) "MBE ready" wafers, 50 mm in diameter. For the experiments described here, the oxides were initially removed in MBE as described below, and then they were exposed in the oxidation reactor for between 30 s and 2 h. The resulting oxide was then desorbed in a VG V80H MBE system under an As, beam equivalent pressure of 1.5 X 10 -5 Torr, during a 10 "C/min programmed temperature ramp. The oxide desorption was detected with a quadrupole mass spectrometer facing the substrate in the MBE growth chamber. During the experiment the mass spectrometer scanned repetitively through the 150-160 Amu mass range, which includes Ga,O, the main mass peak which appears during the gallium oxide evaporation. For purposes of temperature control and for relative temperature measurements we used a thermocouple suspended in the vacuum space between the substrate and the substrate heater foils. We found that the temperature "Also Electrical Engineering Department. measured by the thermocouple varied unpredictably from run to run by more than 50 "C relative to the optical temperature measurement discussed below.
All temperatures reported in this letter were determined by a novel optical technique7 in which the substrate temperature is inferred from its optical band gap. In this method the band gap was determined from the spectrum of the diffuse reflectivity of the front-surface-polished, backsurface-textured, substrate. A tungsten lamp is the light source for the temperature measurement apparatus, and provides high-intensity illumination of the substrate. The substrate could be observed through a viewport during the experiment.
The optical temperature measurement has a sensitivity and reproducibility of about f 1 "C between room temperature and 700 "C. Its absolute accuracy is limited to about f 10 "C by the accuracy with which th'e band gap of GaAs is known as a function of temperature.7*8
In the following, the gallium oxide desorption temperature will be defme'd as the temperature at which the mass spectrometer peak corresponding to Ga,O at mass 154 reaches its maximum amplitude. In Fig. 1 , the measured oxide desorption temperature is plotted as a function of the length of time the sample was oxidiz.ed in the oxidation reactor. Note that the increase in the gallium oxide desorption temperature with oxidation time j.s much larger than the width in temperature of the desorption peak (see the inset in Fig. 1 ). The temperature interval over which the gallium oxide desorbs is smaller than can be accounted for by the exponential increase in the equilibrium vapor pressure. For example, an Arrhenius fit to the low-temperature side of the desorption peak gives the unrealistically large activation energy of IO eV. These observations, together with the large variation in the temperature at which the oxide desorbs, suggest that the oxide desorption is associated with a phase transition or thin-film instability, and is not a simple layer-by-layer evaporation process.
In order to help identify the origin of this behavior we used x-ray photoelectron-emission spectroscopy (XPS) to determine the oxide thickness. As an,d Ga 3d core level spectra were measured in a Seybold MAX200 System, using a dual-anode Al Ka x-ray source (hv = 1486.6 eV) , on a series of samples made under the same conditions as the 630 r- samples in Fig. 1 . The As and Ga core level spectra exhibit components associated with bulk GaAs and chemically shifted components associated with As-O and Ga-0 bonding, as shown in Fig. 2 . By analysis of the relative areas of the chemically shifted and bulk components, we are able to determine the thickness of the surface oxide in terms of the photoelectron escape depth in the XPS measurement. ' In Fig. 3 we show the oxide desorption temperature plotted as a function of the thickness of the oxide. In this figure the oxide thickness was determined from XPS measurements with an assumed electron escape depth of 25 A. The increase in desorption temperature with oxide thick- ness shown in Fig. 3 is approximately linear. In principle this linear increase could be due to a progressive change in oxide composition with increasing exposure in the oxidation reactor. We prefer an alternative explanation in which the oxide desorption is associated with a thin-film instability. One example of an appropriate instability is the breakup of the homogeneous oxide film into islands. In this interpretation, once the film is broken up it evaporates rapidly from the high surface energy edges of the oxide islands.
Such an inhomogeneous oxide desorption process is consistent with the surface roughening which takes place during the oxide desorption. The roughening is visible as a faint haze which appears on the highly polished substrate surface when the oxide desorbs. The haze is difficult to detect in room light, but is readily visible under intense illumination. The formation of the haze is shown more quantitatively in Fig. 4 , where we plot the intensity of the diffuse reflection of a HeNe laser beam from the front surface of the wafer as a function of time during a temperature ramp. The sharp rise in the diffuse reflectivity coincides exactly with the peak in the Ga,O signal corresponding to the oxide desorption.
We interpret the diffuse reflectivity measurements as evidence that the surface roughens on a length scale comparable with the wavelength of light during the oxide evap- oration. If the oxide first develops cracks or holes where the bare substrate is exposed, and then evaporates preferentially around the perimeter of the holes, one would expect the substrate to develop a surface texture due to differential evaporation of GaAs from the clean surface, relative to the oxidized surface. This process is shown schematically in Fig. 4 . Since the evaporation rate of GaAs is an exponential function of temperature, one would expect greater roughening to occur during the desorption of the thicker oxides, which come off at higher temperatures. This conclusion is supported by the results of optical microscopy studies of the surface of a series of desorbed wafers, which showed progressively more surface texture with increasing oxide thickness." Once the oxide desorption is complete the diffuse reflectivity continues to increase with time as shown in Fig. 4 , albeit at a slower rate. This continuing change is interpreted as due to progressive faceting of the surface into a lower energy structure following the disruption associated with the oxide removal.
In the above interpretation, the oxide desorption process is triggered by the nucleation of defects in the surface oxide, which exposes the bare GaAs underneath. The formation of holes creates additional surface area which increases the surface energy of the system. The additional surface energy will act as a nucleation barrier to the formation of the holes or cracks. If the cross-sectional shape of the minimum energy hole in the oxide is independent of the oxide layer thickness, then the surface energy of the hole will scale linearly with the oxide thickness, and the activation barrier to the initiation of the oxide desorption will also scale with oxide thickness. In this case one would expect the desorption temperature to :scale linearly with oxide thickness, as is observed, because the rate of surmounting the nucleation barrier will be a function of the ratio of the nucleation barrier to the temperature.
In conclusion, a linear increase in oxide desorption temperature with oxide layer thickness and an associated surface roughening effect are interpreted in terms of an inhomogeneous oxide desorption process. These rest&s highlight the desirability of surface oxide layers which evaporate at low temperatures (thin oxides) in GaAs wafer preparation for MBE growth. The low-temperature oxides minimize the surface roughening and the need for growth of a surface-smoothing buffer layer.
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